Electroplated zinc finishes have been widely used in the packaging of electronic products for many years as a result of their excellent corrosion resistance and relatively low cost. However, the spontaneous formation of whiskers on zinc electroplated components, which are capable of resulting in electrical shorting or other damaging effects, can be highly problematic for the reliability of long-life electrical and electronic equipment. This work investigated the mechanism for whisker growth from zinc electrodeposited mild steel substrates. The incubation time for whisker growth from the surface of nodules on the surface of the electrodeposit was considerably reduced compared with that from the planar deposit surface. Recrystallisation of the as-deposited columnar structure was observed at the whisker root. This result is consistent with some recent whisker growth models based on recrystallisation. There was no evidence of iron-zinc (Fe-Zn) intermetallic formation at the iron/zinc (Fe/Zn) interface or within the zinc coating beneath the whiskers.
INTRODUCTION
Metallic whiskers are spontaneous growths that most often develop from metal surfaces such as tin, zinc and cadmium, in particular when they are used in the form of electroplated coatings. Normally, metallic whisker growth undergoes an uncertain incubation period ranging from hours to years, followed by a highly variable growth rate. 1 The growth of metallic whiskers is capable of inducing localised short circuiting and is problematic for the reliability of long-life electrical and electronic components. Failures caused by whisker growth have been reported in telecommunications-, military-and aerospace-based applications, with consequences ranging from mild inconvenience to complete system failures. 1 The study of metallic whiskers can be traced back to the 1940s, when the presence of cadmium whiskers resulted in the breakdown of radio systems used in aircraft during World War II. 2 Over the past 70 years, the majority of research effort has been focused on tin whiskers, and today whisker growth on tin is a well-documented phenomenon; in comparison, much less attention has been paid to the investigation of zinc whiskers. Zinc finishes have been widely used for many years and are normally electroplated on ferrous components as a corrosion-resistant coating. For example, the steel sheet metal on raised floor tiles used in computer data centres is sometimes protected with electroplated zinc coatings. However, filament-type zinc whiskers have been found on the bottom surface of such floor tiles and are prone to break off and become airborne. These whiskers can be carried in the turbulent air flow and drawn into computer equipment by cooling fans and finally cause electrical failures. During the last two decades, a number of computer equipment failures have been attributed to problems induced by zinc whisker growth. 3, 4 In the public literature, very little effort has been paid to investigate zinc whisker growth. A number of mechanisms to explain zinc whisker growth have been proposed, but none of them are widely accepted and some are in conflict with each other. Most early investigations with regard to zinc whiskers studied their growth mechanisms. The first investigation was undertaken by Lindborg, who suggested that zinc whisker growth was driven by the internal macrostress of the zinc electrodeposit, which was formed in the deposit during electroplating. 5, 6 Sugiarto et al. later stated that whisker growth from bright zinc electrodeposits was induced by compressive stress that was derived from the brightener system, whilst dull zinc electrodeposits, without brighteners, did not develop whiskers. 7 Baated et al. reported that Fe-Zn intermetallic compound (IMC) and zinc oxides were present at the interface between the zinc film and the steel substrate as well as within the electroplated zinc coatings themselves, both of which were able to produce compressive stresses within the zinc film and promote whisker growth. 8, 9 However, other investigators have reported that no intermetallic, or only a very thin layer of Fe-Zn IMC, was present at the interface, based on which they concluded that the development of Fe-Zn IMC was not associated with zinc whisker growth. 10, 11 Etienne et al. correlated the recrystallisation of zinc grains with whisker growth, reporting that grains near the root of whiskers were recrystallised, 12, 13 which is consistent with tin whisker growth mechanisms based on recrystallisation. [14] [15] [16] A more thorough overview of zinc whisker-related research can be found in a recent review paper. 17 In comparison with tin whisker research, comparatively few papers have been published in relation to zinc whisker growth, and some of the results are contradictory, such as those relating to the influence of thermal treatments on whisker growth. 7, 18, 19 The present work was undertaken to investigate the mechanism of whisker growth from zinc electrodeposits using scanning electron microscopy (SEM), dual beam focused ion beam scanning electron microscopy (FIBSEM), energy dispersive x-ray spectroscopy (EDS) and electron backscatter diffraction (EBSD). The presence of raised hemispherical features (nodules) on the deposit surface was found to be closely associated with Zn whisker growth, and the recrystallisation of Zn grains was responsible for whisker growth.
EXPERIMENTAL
Mild steel substrates (1.0 mm thickness) were electroplated with zinc using a proprietary bright alkaline cyanide-free zinc bath provided by MacDermid. The substrates, with dimensions 2 9 4 cm, were used, with no additional polishing or grinding operations, as cathodes, with an electroplated area of 2 9 2 cm. The anode material was a ‡99.9% zinc metal foil (0.3 mm thickness). Prior to deposition, the substrates were first washed using detergent, degreased using acetone, pickled in a 32 wt.% solution of [specific gravity (SG) 1.16] hydrochloric acid for 1 min to remove surface oxides, rinsed with deionised water and finally dried using hot air. The anode material underwent a similar pre-treatment, except that in the pickling stage it was immersed in a 20 vol.% solution of (SG 1.83) sulfuric acid for 30 s. All the electrodeposition was carried out at a cathode current density of 25 mA/cm 2 for 10 min and the resultant deposits exhibited an average thickness of approximately 6 lm. No agitation was applied during electrodeposition. After deposition, all the samples were stored at room temperature (20°C).
SEM analysis of the surface morphology of alkaline non-cyanide zinc electrodeposits, and subsequent whisker growth from them, was carried out using a Carl Zeis (Leo) 1530 VP field emission gun scanning electron microscope (FEGSEM), equipped with an Oxford Instruments X-Max 80-mm 2 EDS detector. The accelerating voltage used for secondary electron imaging was 5 kV. The surface morphology was examined immediately after deposition. Whisker growth, in terms of growth morphologies, dimensions and densities, was initially monitored every week until the first whiskers were observed and then at monthly intervals.
The cross-sectional microstructure of the zinc electrodeposits and the whiskers growing from them were investigated using a FEI Nova 600 Nanolab dual beam focused ion beam (FIB). The ion beam energy used for both imaging and milling was 30 kV. Initially, a layer of platinum (1 lm thick) was deposited on the area of interest for protection from ion milling. In order to observe the crosssection, a rectangular trench of approximately 40 lm in length, 25 lm in width and 10 lm in depth was ion-milled using a current of 20 nA. After this, the area of interest went through two cleaning cross-section processes in sequence using currents of 7 nA and 3 nA, respectively, to improve crosssection surface finish. The current used for ion beam imaging of the resultant cross-section was 30 pA.
Samples for electron backscatter diffraction (EBSD) analysis were prepared using a lift-out technique with the FEI Nova 600 Nanolab dual beam FIB. The lift-out procedure was as follows: the section to be analysed was partially cut free from the sample, using a current of 20 nA; only a bridge of 3 lm in width was left, by which one side of the lift-out section remained attached to the sample. The other side of the section was then attached to an Omniprobe by platinum deposition, after which the bridge was cut and the section was completely free from the sample. Finally, the lift-out section was attached to a Cu grid using platinum deposition. An ultra-high speed Hikari EBSD camera system was used to investigate the crystallographic orientation, grain size and structure of the cross-section. For EBSD analysis, an accelerating voltage of 20 kV and a step size of 0.05 lm were used.
RESULTS AND DISCUSSION

Investigation of Surface Morphology
The surface morphology of 6 lm alkaline noncyanide zinc electrodeposited on mild steel substrates at 25 mA/cm 2 is shown in Fig. 1 . SEM analysis immediately after deposition showed that a large number of raised hemispherical features were present on the deposit surface (Fig. 1a) . These fea tures are referred to as ''nodules''. Higher-magnification imaging showed that the general surface was comprised of needle-like features of approximately 1 lm in length and 100 nm in width (Fig. 1b) . The needle-like features were randomly aligned over the deposit surface with no apparent preferred orientations. Similar structures have been reported in other published works for samples electrodeposited from other alkaline zinc plating baths. 20, 21 A higher magnification SEM image of one of the nodules is shown in Fig. 2 . The nodules varied in size and some larger nodules were more than 20 lm in diameter. Importantly, the nodules did not exhibit any typical whisker characteristics, such as striations, and were comprised of the same needle-like features as the remainder of the deposit; i.e. it can be concluded that the nodules were not any form of whisker eruption. Since SEM analysis was conducted immediately after deposition and the nodules were already present, it is clear that the nodules were formed during electroplating rather than developing afterwards. This assumption is further supported by SEM analysis of the nodules after 6 months storage, which showed that the size and the shape of the nodules remained unchanged.
Observation of Whisker Growth at Room Temperature
SEM analysis showed that some incipient whiskers (358 per cm 2 ) (shown in Fig. 3 ), shorter than 1 lm in length, were present on the samples 23 days after deposition. After 4 months storage, an increased number (2176 per cm 2 ) of whiskers, the majority of which were in the form of large irregular eruptions, were present on the deposit surface associated with the nodules. Examples of such eruption-type whiskers are shown in Fig. 4a and b. A few filament-type whiskers were also observed, some of which were greater than 300 lm in length (Fig. 4c ). These observations suggest that zinc electrodeposits on mild steel substrates prepared from alkaline cyanide-free zinc plating baths were prone to develop whiskers rapidly at room temperature. Importantly, it was observed that, up to 4 months storage, all the whisker growth was associated with the nodules. No whiskers were found growing from a planar region of the deposit. However, 5 months after deposition, a few small whiskers (86 per cm 2 ) were observed growing from a planar region of the deposit (Fig. 5a ). Ten months after deposition, an increased number (599 per cm 2 ) of large whiskers growing from planar regions of the deposit were present (Fig. 5b) . On the basis of these findings, whisker growth from planar regions of the deposit occurs much later than that associated with the nodules. It can therefore be deduced that the presence of the nodules on the surface was not a prerequisite for whisker growth, but promoted whisker growth by markedly shortening the incubation time. Therefore, the nodules must have some unique characteristics that are favourable for whisker formation compared with planar regions of the electrodeposit.
To understand the relationship between the nodules and whisker growth, three samples electrodeposited at 25 mA/cm 2 were prepared and five nodules on each sample were selected for periodic analysis in the SEM; an example of one such nodule is shown in Fig. 6 . Changes to the surface morphology of the nodule were first observed 29 days after deposition (Fig. 6b) . A series of parallel lines, which have the appearance of a ''staircase'', were present on the surface of the nodule. Such lines are henceforth termed ''staircase structures''. Forty-four days after deposition, a small whisker was observed growing from the top surface of the nodule in the region that had developed a staircase structure (Fig. 6c) . SEM analysis 68 days after deposition showed that the original whisker had become larger and further whiskers had developed on the staircase structure (Fig. 6d) . Also, further staircase structures had formed elsewhere on the nodule. It was observed that, within 1 month of deposition, staircase structures were present on the surface of most nodules. Once a staircase structure appeared on a nodule, subsequent whisker growth would typically follow. It was noted that whiskers only grew from the staircase structures rather than other regions on the nodules (Fig. 7a) , i.e. it appears that a whisker was ''extruded'' from one or more steps of the staircase structures (Fig. 7b) . SEM analysis after 10 months storage showed that all the nodules with staircase structures present had developed whiskers, whilst no whiskers were observed in the absence of staircase structures. It is suggested that the staircase structures are pre-cursors to the growth of zinc whiskers associated with the nodules. Up to 10 months storage, no staircase structures were present on a planar region of the deposit. This may be the reason that the incubation time for whisker growth from a planar region of the deposit is considerably increased. All these observations suggest that the formations of nodules and the subsequent development of staircase structures are responsible for the shortened incubation time for whisker growth.
To further investigate the development of the staircase structures, periodic SEM analysis was carried out to monitor the change in whisker growth and the associated staircase structures on a nodule as a function of storage time. The first analysis was undertaken 5 weeks after deposition (Fig. 8a ) and the second analysis was after a further 2 weeks (Fig. 8b) . On the second analysis, it was observed that not only had the whisker become slightly larger but also that the width of the staircase structure had increased, i.e. the staircase structures were developing along with whisker growth. Also, it was noted that two small pores on the right hand side of the whisker (circled in Fig. 8a and b) that were initially separated by a distance of 1 lm had moved further apart to 1.25 lm after 2 weeks further storage. On the basis of these findings, it is thought that the original surface of the nodule was expanded by the inclusion of new material, as the whisker and the staircase structure were growing. In other words, the as-deposited surface of the nodule itself was not transformed to create the increased width of the staircase structures. Additionally, from 6 , it is apparent that, even though whiskers of significant size were formed on the nodule surface, which would have required a large volume of material in their formation, the apparent size of the nodule was not decreased. All these observations suggest that the nodule itself was not consumed by the whisker growth. It is speculated that the development of the staircase structures and subsequent whisker growth was probably supported by the long range diffusion of zinc.
FIB Cross-section Analysis of Nodules
Several nodules were cross-sectioned 4 months after deposition using a focused ion beam (FIB) technique. FIB analysis of nodules with and without whiskers growing from them is shown in Fig. 9a and b. In both cases, a cavity was present beneath both of the nodules. To date, a cavity has been observed beneath every cross-sectioned nodule (more than 20 nodules have been cross-sectioned), irrespective of whether or not a whisker is growing from it. It is noteworthy that the thickness of the deposit above a cavity was similar to that of the adjacent planar deposit and that the apparent increase in deposit thickness was solely due to the presence of the cavity beneath the nodule. FIB analysis of nodules on freshly electroplated samples showed that the cavities were already present; i.e. the nodules and the cavities were formed during deposition rather than developing afterwards. The mechanism for the development of the nodules and cavities was discussed in detail in a further zinc whisker paper published by the authors. 22 The effect of nodule formation on zinc whisker growth has also been previously investigated. Fortier and Pecht 11 found similar features on their freshly-prepared zinc electroplated steel samples. On the basis of EDS analysis, they reported that nodules contained a much higher level of oxygen compared with adjacent regions where nodules were not present and could be favourable sites for whisker growth. On the basis of their findings, EDX analysis was undertaken to determine whether the shortened incubation time for whisker growth from nodules in the current study could also be attributed to increased oxide formation on the nodule surface. The oxygen content and distribution in the regions containing nodules and the adjacent regions where nodules were not present was examined by EDX analysis, which indicated that there was no variation in oxygen levels. Both of the regions contained very little oxygen. These observations were not in agreement with Fortier and Pecht's investigations. However, EDX is not a very sensitive way to measure surface oxygen content, and thus it cannot be completely concluded that zinc oxidation was not associated with whisker growth from nodules.
FIB Induced Artefacts
From the FIB images, regions showing a different contrast to that of the normal deposit (dark grey areas arrowed in Fig. 9a and b) were always present on the inner surface of the cavities. TEM/EDS analysis, shown in Fig. 10 , indicated that these regions were predominantly iron. The diffraction pattern obtained from such regions was comprised of diffuse rings, different from that of the substrate iron, which indicates that the iron in the dark grey areas was amorphous or nanocrystalline. These results suggest that the dark grey features were iron sputtered from the substrate during ion milling, which then re-deposited onto the inner surface of the nodules. Therefore, such features are an artefact of the FIB milling processes and not associated with either the electrodeposition process or whisker growth. 
Recrystallisation and Whisker Growth
EBSD analysis of FIB lift-out sections has been used to investigate the cross-sectional microstructure of zinc coatings, nodules and whiskers. A sample, which was prepared 4 months after deposition, contained an eruption-type whisker growing from a nodule. The ion beam image and the crystallographic orientation map, shown in Fig. 11 , indicated that the zinc deposit and part of the nodule was composed of fine grains of approximately 2 lm in length and 200 nm in width. These grains were typically columnar with grain boundaries normal to the deposit surface. However, grains on the inner surface of the deposit at the apex of the nodule were equiaxed and much wider with a grain size of approximately 1 lm. The recrystallisation of these grains may be the first stage of the formation of whiskers. Furthermore, each whisker eruption was comprised of a single grain, the largest of which was around 7 lm in width.
Another cross-section from the same sample was extracted 8 months after deposition. In this case, the cross-section contained a whisker growing from a planar region of the deposit where no nodules were present (Fig. 12) . The EBSD results showed that grains near the whisker root were equiaxed, considerably larger than the typical grain size of the as-deposited columnar structure and exhibited a different crystallographic orientation to the unrecrystallised regions. Therefore, it is established that whisker growth is associated with recrystallisation, irrespective of whether whiskers were growing from a nodule or from a planar region of the deposit.
However, by only observing the microstructure after whisker growth, it cannot be established whether these recrystallised grains were already present immediately after deposition or formed after a certain incubation time. To more fully understand the point at which the recrystallized grains were formed, cross-sections were extracted and analysed from both a nodule and a planar region of a deposit straight after deposition. The crystallographic orientation map shown in Fig. 13 reveals that both the nodule and the planar region of the as-deposited coating were comprised of a fine columnar structure with no recrystallised grains evident. After a further 4 weeks storage, another cross-section was extracted from the same sample, this time containing a nodule upon which staircase structures were present but no whisker formation had occurred (shown in Fig. 14a ). It is suggested that the location of the recrystallised grains (indicated by an arrow in Fig. 14b ) corresponds closely to the region on the surface where the staircase structures were present. Other regions of the nodule, where no staircase structures were present, retained their as-deposited columnar structure. From these results, it may be inferred that the staircase structures on the surface of the nodule are formed as a result of the recrystallisation of the asdeposited columnar grains. Given that subsequent whisker growth from the nodules occurs preferentially from the staircase structures, these observations clearly suggest that whisker growth is preceded by recrystallisation of the as-deposited columnar grains.
The relationship between recrystallisation and Sn whisker growth has been reported by Boguslavsky and Bush 23 who hypothesised that the driving force for recrystallisation was the reduction of the interfacial energy of grain boundaries. During recrystallisation, certain grains continued to grow at the expense of the adjacent grains, and thus the number of grain boundaries was decreased and the total surface energy was lowered. Since zinc metal can readily recrystallise at room temperature (25°C) 24 and zinc electrodeposits comprising of a columnar structure have been shown previously to be under compressive stresses, 9,13 the recrystallisation process can occur spontaneously at room temperature to produce a strain-free structure. Boguslavsky and Bush suggested that whisker growth was, in essence, a form of abnormal grain growth; however, not all the recrystallised grains subsequently grew into whiskers, which means that those grains that grew as whiskers must have some unique characteristics compared with other grains. They summarised that grains with different crystallographic orientations will have different surface energies and those having a low surface energy will grow preferentially to relieve the stress. However, they did not provide detailed information with regard to the energetically favourable orientations for whisker growth.
In the current study, the time dependent recrystallisation of the as-deposited columnar structure is thought to be associated with the difference in the incubation time between whisker growth from nodules and that from a planar region of the deposit. In the as-deposited condition, due to their geometry, the nodules were subjected to a larger stress compared with the planar deposit, which is favourable for recrystallisation to occur to relieve the stress; i.e. recrystallisation of the columnar structure occurs more rapidly within the nodules. This assumption was supported by the EBSD results (Figs. 11 and 12 ), which showed that, for whisker growth associated with nodules, in addition to the whisker grain, a significant number of other recrystallised grains were present near the whisker root after 4 months storage, while for whisker growth from a planar region of the deposit, within 8 months of deposition no other recrystallised grains were present near the whisker root except those that grew as whiskers. It is suggested that the presence of the nodules accelerates the recrystallisation of the as-deposited columnar structure, and hence shortens the incubation time for whisker growth.
Zinc Whisker Growth into Cavities
It was found that a number of large features were growing into the cavities beneath the nodules (Fig. 15) . The features have the appearance of curved whisker eruptions and show a typical whisker morphology, e.g. striations are present on their surface. EDS and EBSD analysis of one such feature, shown in Fig. 16 , indicated that it was composed of pure zinc with an increased grain size. Also, a long chain of recrystallised grains was observed linking the feature to the outer surface of the deposit. The size of the recrystallised grains increases as they approach the root of the feature at the inner surface of the cavity. The feature itself was formed by the growth of a single recrystallised grain. All these observations suggest that the feature was formed as a result of recrystallisation; i.e. the growth mechanism is similar to that which results in whisker growth from the external surface of nodules and the planar deposit. Hence, these features were thought to be zinc whiskers growing downwards into the cavity beneath the nodules. 
The Effect of Fe-Zn Intermetallic Compounds on Whisker Growth
Since it is well known that the presence of Cu-Sn intermetallic compounds is closely associated with whisker growth from tin electrodeposits on copper substrates, 25, 26 the formation of Fe-Zn intermetallic compounds and their possible role in zinc whisker growth has been investigated. Three cross-sections were extracted using a FIB lift-out technique from the surface of a 10-month old sample with whisker eruptions growing from a planar region of the deposit. Both ion beam and secondary electron beam imaging were used to observe the Fe/Zn interface, shown in Fig. 17 . On the basis of this analysis, there is no obvious evidence of Fe-Zn intermetallic formation at the interface or within the zinc coating beneath the whiskers. Whisker growth from zinc electroplated steel does not appear to be associated with the formation of Fe-Zn intermetallic compounds. However,
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Whiskers grew downwards it must be remembered that these observations were made within 10 months of electroplating. Whether Fe-Zn intermetallic compound growth become apparent at extended time intervals is not known. Baated et al. 8, 9 reported that Fe-Zn intermetallic compounds were not only formed at the Fe/ Zn interface but also within the electroplated zinc coatings on a specimen obtained from a computer room floor tile that has been in service for more than 10 years. They concluded that the presence of Fe-Zn intermetallic compounds could result in the development of compressive stresses within the zinc film, and thus the subsequent growth of whiskers from the surface to relieve the stress. Interestingly, although no Fe-Zn intermetallic compounds were present, a large number of voids were observed within the zinc deposit (Fig. 17b) . It is not known whether the presence of these voids is associated with zinc whisker growth. Fortier and Pecht 11 also observed voids in the deposit beneath zinc whiskers and proposed that whisker growth was associated with the oxidation of zinc metal that occurred on the deposit surface. They rationalised that the oxidation process produced voids near the surface, which then diffused downwards into the zinc film. The inward diffusion of the voids caused zinc atoms to migrate upwards to the surface and form whiskers. In the current study, voids were not only formed in the deposit beneath whiskers but also randomly distributed throughout the entire coating layer, which may indicate that void formation was not uniquely associated with whisker growth. It is possible that these voids were generated by dissolved hydrogen incorporated into the deposit during deposition, due to the low cathode current efficiency (approximately 30-40%) of alkaline zinc electrodeposition.
CONCLUSIONS
Zinc electrodeposits on mild steel substrates prepared from alkaline cyanide-free zinc electroplating baths were prone to develop whiskers rapidly at room temperature. A number of long filament-type whiskers (>300 lm in length) were present within 4 months of deposition.
A large number of raised hemispherical nodules were present on the deposit surface immediately after zinc deposition. The incubation time for whisker growth from the nodules was considerably reduced from 5 months to 1 month compared with that from the planar deposit surface. Staircase structures were found forming on the surface the nodules, which were pre-cursors to the growth of zinc whiskers associated with the nodules.
EBSD analysis of the cross-sectional microstructure of zinc coatings, nodules and whiskers indicated that the zinc deposit and the majority of the nodules were composed of fine columnar grains. However, recrystallisation of the as-deposited columnar structure occurred at the whisker root, irrespective of whether whiskers were growing from a nodule or from a planar region of the deposit.
Both secondary electron and ion beam images showed no evidence of Fe-Zn intermetallic formation at the Fe/Zn interface or within the zinc coating beneath whiskers. It is suggested that, for the alkaline zinc electroplating investigated in this study, Fe-Zn intermetallic compounds are not associated with whisker growth.
